[1] To investigate the effects of bedrock permeability on the linkage between hillslope and riparian groundwater in a weathered granite headwater catchment, the groundwater dynamics were studied using intensive hydrometric and tracer observations. Water flow from the hillslope, through the hillslope/riparian interface, and into the riparian zone consists of two components: saturated through flow on the soil-bedrock interface during storms and groundwater flow within the permeable bedrock occurring year-round, except during the driest season. Most of the water, which will contribute to the stream, infiltrates the largest part of the catchment and the hillslope area and recharges the deeper groundwater body. Therefore bedrock permeability is an important factor in determining the hillslope-riparian linkage.
Introduction
[2] Hydrometric and tracer studies in forested catchments have revealed that the riparian zone controls the runoff generation McGlynn et al., 1999] and hydrochemical [Gilliam, 1994; Cirmo and McDonnell, 1997] processes of the stream. Several studies have used mixing models to describe the source of catchment runoff [DeWalle et al., 1988; Bazemore et al., 1994; Rice and Hornberger, 1998; Katsuyama et al., 2001] , emphasizing the importance of geographic source distributions Hooper et al., 1990; Ogunkoya and Jenkins, 1993] . According to Hill's [2000] definition, riparian areas are zones of transition between terrestrial and aquatic environments, and they can often be distinguished from the upland areas of watersheds by their topography. Riparian groundwater provides the dominant geographic source in the catchments under study, although in mountainous areas, small streams are commonly incised in steep valleys with minimal riparian zones [Hill, 2000] . By contrast, the chemical signature of soil water in the hillslope, the largest landform component in the catchment, is not apparent in the stream [Hooper et al., 1998 ]. In other words, the chemistry of riparian water clearly differs from that of hillslope water, although all hillslope water must pass through the riparian zone before reaching the stream. These facts mean that the linkage between the hillslope and riparian zones is not well understood [Hooper, 2001] , and McGlynn et al. [1999] suggested that further intensive studies of hillslope-riparian interactions, intrariparian zone transport, and riparian-stream relationships are needed.
[3] In this context, Katsuyama et al. [2001] studied a subcatchment of the Kiryu Experimental Watershed (KEW) and showed that the chemistry of storm flow was controlled by the mixing of riparian perennial groundwater and throughfall during small rainstorms, and that transient groundwater sampled from the hillslope/riparian interface contributed only during large storms. The chemistry of the transient groundwater differed from that of perennial groundwater, and was a key component of the hillsloperiparian linkage during storm flow conditions. However, the cause of these differences in chemistry was unclear; here, we report a further study carried out in this subcatchment.
[4] Recently, the importance of subsurface flow through the bedrock in hydrological and hydrochemical processes has been pointed out [e.g., Mulholland, 1993; Montgomery et al., 1997; Onda et al., 2001; Tsujimura et al., 2001; Uchida et al., 2003; Katsuyama et al., 2004] . This component had been previously treated as the deep seepage [Chorley, 1978] , and the role of it had not been clarified. Mulholland [1993] used a three-component mixing model to demonstrate that bedrock zone flow dominated baseflow before a storm in the Walker Branch Watershed, USA. Uchida et al. [2003] estimated the rate of water flow out of the granitic bedrock into the soil layer and pointed out that the contribution of bedrock groundwater was considerable in a steep hillslope. Katsuyama et al. [2004] showed that about 45% of the total annual rainfall infiltrated into the granite bedrock at a hillslope plot in the KEW subcatchment, and that the infiltrated groundwater was important to the hydrochemistry of the entire catchment. These results led to the hypothesis that bedrock groundwater is a key component of hillslope-riparian linkage and the baseflow in these catchments. Our study tested this hypothesis by investigating the effects of bedrock permeability on the linkages between the hillslope, hillslope/riparian interface, and riparian zones in a small headwater catchment. The dynamics of the saturated through flow that occurs at the soil-bedrock interface, the groundwater flow within the permeable bedrock, and the groundwater flow within the riparian zone were investigated using intensive hydrometric observations and tracer methods.
Site Description
[5] The experiments were conducted in a small headwater (Matsuzawa catchment) at the Kiryu Experimental Watershed (KEW; 5.99 ha), located in the southern part of Shiga Prefecture, central Japan (34°58 0 N, 136°00 0 E) [e.g., Katsuyama et al., 2001] . The climate is warm temperate, with rainfall distributed year round, peaking in summer, but producing little snowfall in winter. The mean annual precipitation from 1972 to 2002 was 1630.0 mm. The mean annual air temperature from 1997 to 2002 was 13.9°C.
[6] The Matsuzawa catchment is a small headwater subcatchment within KEW, with an area of 0.68 ha. The mean annual discharge from 1996 to 2002 was 678.3 mm. Vegetation was described by Hobara et al. [2001] and Katsuyama and Ohte [2002] , and detailed soil properties were presented by Ohte et al. [1995 Ohte et al. [ , 1997 and Asano et al. [1998] .
[7] The ground surface topography of the Matsuzawa catchment is shown in Figure 1 , and the bedrock surface topography and the soil depth are shown in Figure 2 . The map of bedrock topography was made based on the survey of soil depth, which was measured at the each 5 m lattice point in the previous study [Kim, 1990] . The entire area of the Matsuzawa catchment consists of weathered granitic rock; it is a headwater catchment, and water in the section from point SP (the spring outflow point) to point W (the weir) flows in a channel about 12 m long (Figure 1) . Streamflow is perennial. Gentle slopes with deep soils adjoin steep slopes with shallow soils. The area with a gradient lower than 15°comprises 62.8% of the total area; the area steeper than 25°comprises 11.2% [Kim, 1990] . The mean soil depth of the Matsuzawa catchment is 1.51 m; 62.4% of the area has a soil depth less than 1 m (the area less than 0.5 m is 37.8%), and 25.8% has a soil depth greater than 2 m (Figure 2 ). There are two hollows in the ground surface (lines G1-GE-GF-G15-G34 and GA-GB-GC-GD in Figure 1 ), but only one hollow in the bedrock surface (line G1-GE-GF-G15-G34 in Figure 2 ). The soil is especially deep in the area where the bedrock hollow is present. The soil around points G1 and G2 is deeper than that around the spring outflow point SP, indicating a bedrock depression around the spring.
[8] The soil depth to the bedrock was surveyed in detail at each point where the groundwater levels were monitored. The soil depth at each point ( Figure 1 ) was measured using a cone penetrometer (cone diameter: 19.5 mm, mass: 1.17 kg, fall distance: 20 cm). The N 4 value is the number of blows required for a 4-cm penetration. In this study, N 4 values in excess of 100 were defined as constituting bedrock. The thickness of the soil layer with a N 4 less than 100 was almost the same as the thickness of the layer that could be penetrated with a hand auger. The underlying bedrock had the properties of saprolite, and was weathered in such a way that chunks could be excavated by chopping with a shovel and crushed into grains using bare hands. These characteristics are similar to those of the weathered granitic bedrock described by Graham et al. [1997] . The minimum value of the saturated hydraulic conductivity of the bedrock, measured using four undisturbed 100-cm 3 field cores was 5.8 Â 10 À6 m/s, which is of the same order as those of other catchments in KEW [Katsura et al., 2004] , which were measured using larger samples, and weathered granite in the Idaho batholiths [Megahan and Clayton, 1986] , the Sierra Nevada Range, California [Graham et al., 1997] , and Fudoji, Japan . In contrast, the saturated hydraulic conductivity of the forest soil at KEW was 4.7 Â 10 À4 m/s [Ohte et al., 1989] , so the soil and bedrock had clearly distinguishable hydraulic properties in this catchment.
Methods

Hydrological and Hydrochemical Observations
[9] The locations of the observation facilities are shown in Figure 1 . Rainfall was measured using a tipping bucket rain gauge at the meteorological station located at the center of KEW. The runoff rate was measured continuously at a 30°V notch weir located at point W in Figure 1 .
[10] The groundwater observation wells were classified into three types depending on the expected hydrological behavior, viz., the response of the groundwater level to rainstorms and the general groundwater condition [Ohte et al., 1995; Katsuyama et al., 2001] . The three categories were as follows.
[11] 1. The first is the saturated zone (SGW), which is saturated year round and is adjacent to the stream. Points G1, G2, GE, and GF are located in this zone. In the Matsuzawa catchment, areas downslope of the SGW zone correspond to the riparian zone, because these zones are adjacent to the stream channel and have a gentle slope, and are clearly distinguished from the upslope regions. In the wet season (from June to September), groundwater levels downslope of the SGW sometimes reach the soil surface and saturated overland flow occurs during and after heavy rainstorms.
[12] 2. The second is the unsaturated hillslope zone (HGW), which has shallow soils and is located at the hillslope part of the catchment. It is not saturated continuously, but occasionally during rainstorms. Saturation disappears immediately after the rainstorms. Point G10 is representative of this zone.
[13] 3. The third is the transient saturated zone (TGW), which is situated at the edge of the saturated zone. During the wet season, from spring to the fall, saturated conditions always occur. This zone is similar to the SGW zone at these times. The saturated condition disappears during the driest winter season as in the HGW. Points GA, GB, GC, GD, and GH are located in this zone. TGW correspond to the hillslope/riparian interface.
[14] Table 1 shows the depth of the representative observation wells for each zone, depth of groundwater level gauges, and soil depth to bedrock. Figure 1 shows profiles of the N 4 value at each point. Observation wells GB, GC, and GD in TGW were drilled down to bedrock. The hydraulic heads from the soil surface were monitored in the lower part of the catchment using continuous automaticrecording tensiometers (Daiki, Japan, DIK-3150) at points G10, G11, GB, GC, GD, GE, GF, and GH, and using capacitive water depth probes (UNIDATA, USA, Model 6521) at points G1 and GA with a programmable data logger (Campbell, USA, CR-10X). During unsaturated conditions in HGW and TGW, negative values of the pressure head were measured using tensiometers (during saturated conditions, the hydraulic head corresponds to groundwater levels).
[15] Groundwater temperature was monitored automatically at point GC using a Thermo Recorder (Espec, Japan, RT-10).
Sampling and SiO 2 Analyses
[16] The data set used in this paper is summarized in Table 1 . Samples were collected biweekly or triweekly. Groundwater samples were taken from cups immersed in the well showing the greatest rise in water level. The observation wells consisted of bore pipes 6 cm in diameter, with small holes drilled around their peripheries from top to bottom [Ohte et al., 1995] . The wells at G1-130 and G1-250 had small holes at only 130 or 250 cm depths from the ground surface to take groundwater samples from a specific depth. A tension lysimeter was used at G2-400 to sample the groundwater from 400 cm depth. Stream water and spring water samples were collected manually at points ST and SP.
[17] Rainfall and throughfall were sampled using bottles with funnels 21 cm in diameter. Rainfall was collected at the meteorological station at the center of KEW and throughfall was collected at four points within the catchment (Figure 1 ). The SiO 2 concentrations in the throughfall were estimated from the weighted mean values obtained at these four points.
[18] Samples were sealed in 50-mL polyethylene bottles and refrigerated until analysis. The solute concentrations were analyzed in a laboratory at Kyoto University. The samples were filtered through a cellulose acetate filter with 0.45-mm pores, and the SiO 2 concentrations were measured using inductively coupled plasma (ICP) emission spectrometry (SEIKO, Japan, SPS1500 VR).
Results
Groundwater Response to Rainstorms
[19] The time series of rainfall, discharge rate, and hydraulic heads from the soil surface are shown in Figure 3 . Observations were conducted in August 2001: total rainfall was 165.6 mm and the total discharge was 22.9 mm during the observation period. The catchment was dry before the event, with no antecedent rainfall recorded during the ten days before the event. The peak discharge rate occurred at the same time as the peak rainfall was recorded. The response of the hydraulic head to the rainfall was fastest in HGW, where it was unsaturated before the rainfall. The hydraulic head increased, especially at G10, just after the rainfall started and saturation occurred. By contrast, in SGW, the response was slow. Comparing the hydraulic responses to the rainfall between the upslope (G11 in HGW, GC and GD in TGW, and GF in SGW) and downslope (G10 in HGW, GA and GB in TGW, G1 and GE in SGW), the groundwater level rose faster in the downslope area than in the upslope. In the upslope area, the groundwater levels at GC and GD in TGW rose appreciably (more than 150 cm) and the variation at GF in SGW was smaller (less than 100 cm). The peak groundwater levels were delayed from the peak discharge rate, especially upslope at GC, GD, and GF.
[20] The variation in the hydraulic heads along the cross and longitudinal sections during the rainstorm shown in Figure 3 is shown in Figure 4 . The four observed sections include two longitudinal sections (line SP-G1-GE-GF in SGW and line SP-GA-GB-GC-GD in TGW) and two cross- sections (lines G10-GB-GH-GE and G11-GC-GF across the HGW-TGW-SGW regions) (see Figures 1 and 2 ).
[21] Comparing the soil surface and bedrock topography in each section, the soil is shallow and the bedrock surface parallels the soil surface in HGW and TGW. In SGW, the soil is deep, and a large depression in the bedrock exists near the spring outflow point (SP). Before rainfall (Figure 4 , left, time a), the groundwater level at G1 was higher than the elevation of SP. However, the groundwater level at GA was lower than the elevation of SP, although it was the nearest observation point to SP. After the rainfall started, saturated through flow on the soil-bedrock interface (the face of N 4 = 100) occurred from G10 in HGW toward GB in TGW, and the groundwater level at GB rose sharply (Figure 4 , left, time b). Even at this time, however, the groundwater level at GA was lower than the elevation of SP and the groundwater in TGW did not contribute to the stream.
[22] When the discharge rate was maximal (Figure 4 , right, time c), the groundwater levels around GB in TGW or GE in SGW rose, and the difference in the hydraulic head between GH in TGW and GE in SGW reached its maximum; SGW was recharged near the soil surface. In addition, the groundwater level at GC was raised by the occurrence of saturated through flow from G11 in HGW to GC in TGW, and the water flowed toward GF in SGW. The groundwater level at GE in SGW approached the soil surface and was above the elevation of SP. However, the groundwater level at GF was lower than that of GE at this time. Furthermore, the groundwater level at GA was above the elevation of SP at this time.
[23] After the rainfall (Figure 4 , right, time d), the saturated through flow in HGW had ceased and the groundwater levels in upslope TGW (GC and GD) had fallen below bedrock depth (N 4 > 100), and the bedrock groundwater had existed. By contrast, the groundwater levels in SGW, particularly in the upslope SGW, continued at a high level.
[24] These responses of the groundwater levels were similar to the results from Katsuyama et al. [2001] ; they showed that the source area of the catchment runoff gradually enlarged from the riparian area to the hillslope area, and the storm flow chemistry changed related to the groundwater dynamics.
Spatial Variability of Groundwater SiO 2 Concentrations
[25] SiO 2 is commonly used to trace groundwater dynamics [Haines and Lloyd, 1985] or hydrological pathways [Scanlon et al., 2001] or as a means of separating runoff components [Wels et al., 1991] . According to White [1995] , SiO 2 is the chemical species most directly related to weathering reactions, and it is not a significant component of precipitation, is not significantly affected by nutrient cycling in vegetation, and is only weakly affected by ion exchange processes.
[26] The SiO 2 concentrations in the rainfall, throughfall, groundwater, spring water, and stream water in the Matsuzawa catchment are shown in Figure 5 . Lower SiO 2 concentrations were observed at the HGW zone (G10 and G11), where the saturated through flow was sampled during rainstorms. In the TGW zone, the SiO 2 concentrations varied greatly between and within the sampling points, and lower concentrations were observed in GA and GB, located in the downslope area. Lower concentrations were observed at G1-75 and GE in SGW, relative to the other points in SGW. Vertical differences in concentrations at the same point were detected in the riparian zone; G1-75 (75 cm in depth) had lower concentrations than G1-130 (130 cm), G1-250 (250 cm), and G2-177 (177 cm; near G1). The highest concentrations were observed at G2-400, which is the deepest point near the spring. The concentrations in the spring water and stream water were similar, and within the range of variation in SGW, intermediate between the SGW shallow layer (G1-75) and SGW deep layer (G2-177).
Vertical Distribution of SiO 2 at the Hillslope/ /Riparian Zone Interface
[27] Figures 6a and 6b show the relationship of the maximum groundwater levels between the observations (biweekly or triweekly) and the SiO 2 concentrations at GA and GC in TGW, with the depth to bedrock (N 4 = 100). The results were classified according to whether saturated through flow occurred at G11 in HGW, where it flows into GC in Figure 6b . The observation well at GA was installed to a depth of 76 cm, which was close to the bedrock depth (74 cm). The SiO 2 concentrations decreased with rising groundwater levels at this point. This means that the contributions from the water source with lower SiO 2 concentrations, like rainfall, throughfall, or HGW in Figure 5 , may fluctuate in response to the shift of the groundwater levels. By contrast, the observation well at GC was installed to a depth of 217 cm, much deeper than the bedrock (82 cm). Therefore we consider that bedrock groundwater derived from deep seepage at HGW was sampled here when the groundwater levels were below bedrock level. The groundwater sampled below the bedrock interface had high SiO 2 concentrations, averaging 0.30 mmol/L. This concentration was similar to those in SGW, such as GF, G1-130, G1-250, or G2-177 (see Figure 4) , and was much higher than that of the saturated through flow in HGW. When the groundwater level rose above the bedrock depth, lower concentrations were observed, as at GA. Table 2 shows the vertical distributions of SiO 2 concentrations at GC, when the groundwater levels rose above the bedrock depth. The SiO 2 concentrations clearly differed between the soil and the bedrock layer, the groundwater in the soil layer had lower concentrations than in the bedrock layer. Moreover, when the groundwater levels at GC rose above the bedrock depth, saturated through flow always occurred at G11. These facts mean that the groundwater at the hillslope/riparian interface had two geochemically different sources: the saturated through flow at the soil-bedrock interface with low SiO 2 Figure 6 . Relationship of the maximum groundwater levels and the SiO 2 concentrations at GA and GC in TGW. (a) GA and (b) GC. STF is saturated through flow. [2001] used a mixing model approach to show that in this catchment only two components contributed to the stream during rainstorms under dry conditions: the groundwater in SGW and throughfall. The groundwater level at G1 in downslope SGW was higher than the elevation of SP under these conditions (Figure 4 , left, times a and b). When rainfall started, saturated through flow occurred at the soil-bedrock interface of downslope HGW (G10) and flowed into downslope TGW (GB). At this time, these zones were linked by saturated through flow, although the groundwater level at GA in downslope TGW, the nearest observation point to SP, was lower than the elevation of SP. Therefore the discharge rate during dry conditions was maintained by groundwater flow from SGW near SP.
[29] At around the peak of the discharge rate (Figure 4 , right, time c), the saturated through flow in HGW and the groundwater in TGW recharged the downslope SGW (GE), and the groundwater levels in downslope SGW were higher than those in upslope SGW (GF). This phenomenon is called ''groundwater ridging'' [Novakowski and Gillham, 1988; Sklash, 1990] and is one of the mechanisms that can deliver riparian groundwater to the stream; according to Kim [1990] , this is important to the runoff generation processes in this catchment. Furthermore, the groundwater level at GA was above the elevation of SP at this time, meaning that the area contributing to the discharge had extended outward. Katsuyama et al. [2001] and Katsuyama and Ohte [2002] showed that as the groundwater in TGW rose, it contributed to the stream, along with the groundwater in SGW, and throughfall, at around the time of the peak discharge.
[30] After the rainfall (Figure 4 , right, time d), the groundwater levels in SGW, particularly in the upslope SGW, remained high, although the groundwater levels in TGW had declined earlier. This implies that groundwater in the soil above the bedrock in TGW flowed down to SGW through the surface soil with high transmissivity. The discharge rate at the falling limb was maintained by groundwater flow from the upslope SGW region. By contrast, groundwater at GC and GD in TGW was below the bedrock depth, even during the falling limb. Katsuyama et al. [2004] observed the water budget in a small hillslope plot located within KEW with the same geological characteristics as those of the Matsuzawa subcatchment, and showed that about 45% of the total rainfall infiltrated into the bedrock. Therefore it seems that groundwater below the bedrock surface was recharged by infiltration into the bedrock in the HGW area.
Hillslope-Riparian Linkage by Groundwater Flow Within the Soil and Bedrock
[31] Above, we showed that the TGW area played an important role as an interface between the hillslope and riparian zones; when the groundwater level in TGW was raised above the bedrock depth following the occurrence of saturated through flow on the soil-bedrock interface, groundwater in TGW recharged the groundwater in SGW, or contributed directly to storm flow. Moreover, the groundwater remained below the bedrock depth in TGW even after the rainfall ceased, and this bedrock groundwater appeared to be recharged by the bedrock flow infiltrating into the bedrock at HGW. Later, we will consider the cross section of the catchment (mainly line G11-GC-GF), and discuss the roles of saturated through flow during storm flow conditions, and of bedrock groundwater flow during nonstorm flow conditions, to the linkage of HGW-TGW-SGW using the SiO 2 concentrations and groundwater temperature as tracers. 5.2.1. Role of Saturated Through Flow in the Hillslope-Riparian Linkage
[32] The short-term variation in the SiO 2 concentrations and groundwater levels and the groundwater temperature at GC during a rainstorm are shown in Figure 7 . The total rainfall was 56.5 mm during this period. The SiO 2 concentrations decreased with rising groundwater levels; however, the concentrations declined when the groundwater levels approached the bedrock depth, not when they started rising. The groundwater temperature also rose suddenly at this time. The temperatures of source waters are considered to remain relatively constant at the timescale in which streamflow is generated during storms, compared to the seasonal timescale in small catchments. Therefore, if the temperature of the source waters differs significantly, the changes in water temperature imply the arrival of contributions from other sources. Therefore variation in the groundwater temperature at GC indicates that another runoff component with a higher water temperature from a different source had mixed with the groundwater already present. The soil temperature is higher near the surface in summer; for example, the air temperature at 1000 LT on 19 June 2001, when the observations in Figure 7 were conducted, was 24.6°C, and the temperatures of the unsaturated soil at 10, 30, 100, and 200 cm depths were 20.7, 18.6, 16.0, and 13.6°C respectively. The water component that mixed with the groundwater at GC had a lower SiO 2 concentration and higher water temperature, and had passed near the soil surface. As shown in Figure 6b and Table 2 , the groundwater in the soil layer may correspond to this component. Katsuyama et al. [2001] showed that the groundwater chemistry in TGW changed during the rainstorm and the stream water chemistry was also changed by the effect of the TGW groundwater contributions as the third end-member.
[33] The groundwater chemistry in TGW varied due to the following mechanism. The groundwater flow via the soil and bedrock layers affected the groundwater chemistry in TGW; the SiO 2 concentrations at GC increased as the groundwater levels decreased, i.e., the low concentrations were maintained only while the groundwater levels were above the bedrock surface. During rainstorms, the hillslope and riparian zones are temporarily linked by saturated through flow (Figure 4 , right, time c), and the riparian groundwater is recharged by the component with low SiO 2 concentrations.
Role of Bedrock Groundwater Flow in the Hillslope-Riparian Linkage
[34] The long-term variation in the SiO 2 concentrations at G11 in HGW, GC in TGW, and GF in SGW is shown in Figure 8 . The seasonal variation in the SiO 2 concentration at G11 was maximal in September (the wet season) and minimal in March (the dry season), although fewer samples were collected during the dry season. The seasonal variation at GC had a similar timing, but higher concentrations. These results imply that the groundwater below the bedrock in TGW was recharged by deep-seepage water that had high SiO 2 concentrations.
[35] The seasonal variation at GF in Figure 8 was similar to that at GC, although the amplitude was smaller. The fact that groundwater at GC continued to be present during the dry winter indicates that bedrock flow recharged the groundwater in SGW with high-SiO 2 concentration water throughout the year. In other words, the hillslope and riparian zones were constantly linked by groundwater flow within the bedrock. The SiO 2 concentrations in SGW were diluted temporarily, particularly during the rainy season, by the contributions of saturated through flow with low concentrations. The saturated through flow may recharge the shallow layer of SGW because of the bedrock topography of the catchment.
[36] The vertical distribution of the SiO 2 concentrations in SGW arose from the effects of factors similar to those at TGW, viz. the differences in permeability of the soil and bedrock, the differences in SiO 2 concentrations in the saturated through flow and bedrock flow, and the bedrock topography of the catchment. The SiO 2 concentration at G2-400, the deepest zone within SGW near the spring, was much higher, because bedrock groundwater with high SiO 2 concentrations contributed more to the deeper groundwater. Moreover, G1-75 and GE, located near the spring, had lower SiO 2 concentrations than those observed in the other SGW wells ( Figure 5 ). This must have arisen from the responses of the groundwater levels to rainstorms; the groundwater levels responded earlier to rainfall at the downslope riparian points in all zones. In other words, the soil at the riparian zone became saturated and even small rainstorms generated groundwater. The riparian SGW wells were frequently affected by the presence of groundwater in TGW with low SiO 2 concentrations, and consequently maintained lower concentrations.
[37] Schematic diagrams of hillslope-riparian linkages are shown in Figure 9 . Asano et al. [2003] showed that the SiO 2 concentration of perennial groundwater was controlled by the mixing of water from two geochemically diverse water sources, soil and bedrock in the Fudoji catchment (located 5.5 km south of KEW and with similar geographic characteristics). The results of their study were similar to ours; the SiO 2 concentration in riparian SGW groundwater was controlled by the mixing of saturated through flow, gener- Figure 7 . Short-term variations in SiO 2 concentrations and groundwater levels and the groundwater temperature at GC during a rainstorm. Figure 8 . Long-term variations in SiO 2 concentrations at G11 in HGW, GC in TGW, and GF in SGW. ated at the soil-bedrock interface in the hillslope zone during rainstorms with a low SiO 2 concentration, and the bedrock infiltrated groundwater, which was present year round and had a high SiO 2 concentration. In other words, the hillslope and riparian zones were linked by the groundwater flow through the permeable bedrock layer year round (Figure 9a ) and by the groundwater flow through the soil layer during rainstorms (Figure 9b ).
Conclusion
[38] On the basis of intensive hydrological and hydrochemical observations, the existence of hydrological pathways through the bedrock was demonstrated in a weathered granite headwater catchment. Vertical distributions in the riparian groundwater SiO 2 concentration are produced by differences in soil and bedrock permeability, and concentrations in the saturated through flow generated at the soilbedrock interface and the bedrock flow originating in deep seepage at the hillslope. The former component recharges the shallow layer of the groundwater body and the latter component recharges the deep layer of the groundwater. The signature in the chemical tracer of each flow is conserved, with little mixing within the body of groundwater.
[39] Recent research has indicated that the chemical signatures of hillslope runoff may differ from those in streamflow in many catchments, such as the PMRW [Burns et al., 2001] or Sleepers River [McGlynn et al., 1999] . Our results showed the hillslope-riparian linkage in a small headwater catchment. Two flows dominate the linkage of water flow through the hillslope, hillslope/riparian interface to the riparian zone: the saturated through flow occurring at the soil-bedrock interface during rainstorms and the bedrock flow, which probably occurs year round except during the driest season. The bedrock flow rate is not negligible, and may even exceed the saturated through flow [Katsuyama et al., 2004] . Most of the water contributing to the stream discharge infiltrates the largest part of the catchment, the hillslope area, and then recharges the deeper groundwater body. Therefore bedrock permeability is an important factor to be considered in the study of hillslope-riparian linkages.
